Although antibody functions are executed in heterogeneous blood streams characterized by molecular crowding and promiscuous intermolecular interaction, detailed structural characterizations of antibody interactions have thus far been performed under homogeneous in vitro conditions. NMR spectroscopy potentially has the ability to study protein structures in heterogeneous environments, assuming that the target protein can be labeled with NMR-active isotopes. Based on our successful development of isotope labeling of antibody glycoproteins, here we apply NMR spectroscopy to characterize antibody interactions in heterogeneous extracellular environments using mouse IgG-Fc as a test molecule. In human serum, many of the HSQC peaks originating from the Fc backbone exhibited attenuation in intensity of various magnitudes. Similar spectral changes were induced by the Fab fragment of polyclonal IgG isolated from the serum, but not by serum albumin, indicating that a subset of antibodies reactive with mouse IgG-Fc exists in human serum without preimmunization. The metaepitopes recognized by serum polyclonal IgG cover the entire molecular surface of Fc, including the binding sites to Fc receptors and C1q. In-serum NMR observation will offer useful tools for the detailed characterization of biopharamaceuticals, including therapeutic antibodies in physiologically relevant heterogeneous environments, also giving deeper insight into molecular recognition by polyclonal antibodies in the immune system.
Introduction
Most biopharmaceuticals, including therapeutic antibodies, function in the blood stream, which is a considerably heterogeneous environment characterized by molecular crowding and promiscuous intermolecular interactions. Antibodies are a major class of serum protein, and are potentially involved in specific and non-specific interaction networks in physiological environments, as best exemplified by the idiotype network [1] . Furthermore, it has been proposed that serum immunoglobulin (Ig) can be reactive with endogenous lectins through carbohydrate moieties attached to the Fc region under pathological conditions [2] . Moreover, a recent analytical ultracentrifugation study reported that serum albumin interacts with IgGs and affects the sizes of immune complexes [3] .
A variety of engineered Igs and Ig-derivatives are currently being developed for therapeutic and diagnostic applications [4] . These non-self proteins may be recognized as antigens by the immune system. In particular, the elicitation of human antibodies directed against heterologous Ig-based molecules used for therapy or diagnostic imaging has been a significant problem [5] . Furthermore, humanized IgG preparations have also been reported to cause undesirable infusion reactions [6, 7] . Thus, detailed characterization of serum protein interactions is desirable for the development of biopharmaceuticals with minimal side effects. However, detailed structural characterizations of antibody interactions have thus been performed almost exclusively under homogeneous in vitro conditions, employing crystallographic and spectroscopic techniques [8] [9] [10] .
NMR spectroscopy is a potentially powerful tool for studying protein structures and interactions at the atomic level, even in heterogeneous environments. This has been demonstrated with recently emerging in-cell NMR approaches, which has underscored the different structural and interaction properties of proteins in the intracellular milieu in comparison to in vitro conditions [11, 12] . In such NMR applications, labeling of the target protein with NMR-active stable isotopes, e.g., 15 N, is necessary for selectively observing the target against the background proteins. In contrast to intracellular proteins, proteins in the extracellular environment, typified by antibodies, are secreted mostly with glycosylation, with the notable exception of serum albumin [13] . The carbohydrate moieties affect not only the physical properties of secretory glycoproteins as biopharmaceuticals, such as solubility and thermostability, but also their biological properties, including serum half-life and functional protein-protein interactions, as well as antigenicity [14] [15] [16] . Although stable isotope labeling of such glycoproteins has been difficult to achieve, we have successfully developed a method to accomplish this by employing a variety of eukaryotic expression systems using monoclonal antibodies as model glycoproteins [17] [18] [19] [20] [21] [22] .
This success has prompted us to apply NMR spectroscopy to study structures and interactions of recombinant glycoproteins in extracellular heterogeneous environments, such as in blood. As the first step, in the present study, we attempt to examine the applicability of NMR to observe a specific glycoprotein in a serum environment using an Fc fragment of mouse IgG as the test molecule.
Results and Discussion
For expression of stable isotope-labeled IgG glycoprotein, antibody-producing hybridoma cells were cultivated in a serum-free medium in which metabolic precursors were all labeled with 13 Cand 15 N-labeled analogs. The spectral assignments were made for the backbone of Fc fragment proteolytically cleaved from IgG based on a series of triple-resonance spectral data supplemented with spectral data obtained by amino acid-selective labeling. The 1 H-15 N heteronuclear single-quantum coherence (HSQC) peaks originating from the Fc backbone ( Figure 1 ) were used for probing microenvironments surrounding the individual amino acid residues of Fc in serum.
In human serum, the isotope-labeled Fc exhibited significant reduction in intensity for many peaks, although the chemical shift of the residual peaks remained unchanged. The observed attenuations of peak intensity were quantified and mapped onto the crystal structure of Fc. The result indicated that most of the residues located on the Fc surface exhibited HSQC peak attenuation at varying magnitudes (Figures 2a and 3a) . Viscosity of the human serum was 1.177 ± 0.001 mPa·s (mean ± SD, n = 3), which was significantly higher than that of the control buffer (0.772 ± 0.001 mPa·s), and could slow down the tumbling of Fc, resulting in the peak intensity attenuation. However, the reductions in peak intensity were observed in a non-uniform manner, suggesting that the spectral perturbations were not simply because of the slowing down of molecular tumbling in the viscous serum environment, but were caused by interactions with serum components, as is the case with a variety of protein interaction systems [23] . The major proteins in human serum are IgG (10-20 mg/mL) and albumin (35-50 mg/mL). Therefore, we examined possible interactions of these serum proteins with isotope-labeled Fc fragments on the basis of HSQC spectral observations. Human serum albumin (HSA) caused only limited change in the spectrum of isotope-labeled Fc, while the addition of human polyclonal IgG evoked spectral changes similar to those observed in serum (Figures 2b,c and 3b,c) . Viscosities of the solutions of polyclonal IgG and HSA used in the present study were virtually identical, i.e. 0.866 ± 0.001 mPa·s and 0.850 ± 0.001 mPa·s for polyclonal IgG and HSA, respectively. Asterisks indicate proline residues, unassigned residues and residues whose peak intensity data could not be obtained due to severe peak overlapping.
Therefore, the spectral changes were largely ascribed to specific or semi-specific interactions with serum polyclonal IgG. Moreover, the observed spectral perturbations were reproduced by the addition of the Fab fragment that was cleaved from polyclonal IgG fractions from the human serum (Figures 2d and 3d) . On the basis of these data, we conclude that serum-induced spectral perturbations of Fc are largely ascribed to its interactions with the Fab portions of the polyclonal IgG component.
The Fc fragment used in the present study was derived from mouse monoclonal IgG2b, which is a heterologous entity when present in human serum. It is intriguing that mouse IgG-Fc is potentially reactive with a subset of IgG antibodies that exists in human serum without preimmunization. The present NMR data indicate that the potential epitopes recognized by serum polyclonal IgG cover the entire molecular surface of Fc, including the binding sites for FcRn at the CH2-CH3 interface, FcγR at the hinge-proximal CH2 segments, and C1q at the CH2 surface [24] [25] [26] [27] [28] [29] (Figure 4) .
Our stable isotope labeling technique has thus enabled selective observation of NMR signals originating from an Fc glycoprotein in the heterogeneous serum environment, thereby opening the door to characterize metaepitopes recognized by polyclonal antibodies in the immune system. It is possible that engineered antibodies and recombinant antibody derivatives currently developed for pharmaceutical applications are involved in interaction networks with endogenous polyclonal antibodies. These interaction networks are transformable during immune processes, with the transformation contingent on physiological and pathological conditions, and are likely to influence the expected interactions of biopharmaceuticals with antigens and immune effector molecules. In the present study, we successfully established a technical basis for an in-serum NMR observation, which will offer useful tools for sensitive detection and detailed characterization of potential interactions of monoclonal antibodies and other recombinant glycoproteins as biopharmaceuticals in physiologically relevant heterogeneous environments. Furthermore, this line of study will provide deeper insights into molecular recognition by polyclonal antibodies in the immune system. Asterisks indicate proline residues, unassigned residues and residues whose peak intensity data could not be obtained due to severe peak overlapping.
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Materials and Methods

Human Serum
Pooled off-the-clot human serum was purchased from Access Biologicals (Vista, CA, USA). Polyclonal IgG was purified from 1 L of human serum through several consecutive steps. The initial purification step was precipitation with 40-60% saturated ammonium sulfate. The precipitate was re-solubilized in phosphate-buffered saline and then applied to a Blue Sepharose 6 Fast Flow column (GE Healthcare, Chicago, IL, USA) to remove albumin. The follow-through fraction was applied to a Protein G Sepharose 4 Fast Flow column (GE Healthcare) and then to a Superose 12 10/300 GL Chromatographic Separation Column (GE Healthcare). The Fab fragment of the polyclonal IgG was digested using papain and purified through a Protein G Sepharose column to remove Fc fragments, followed by applying it to a Superose 12 HR/20/30 gel-filtration column according to the literature [32] . Human serum IgG and HSA were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Preparation of Isotope-Labeled Fc
Metabolic isotope labeling of antibody was performed according to a previously reported protocol [19] . Briefly, we used monoclonal mouse anti-progesterone IgG2b, which was produced using the hybridoma cell line 7D7 [33] grown in a modified Nissui NYSF-404 medium containing the appropriate stable isotope-labeled metabolic precursors. For amino acid-selective labeling, selected amino acids were substituted with 13 C-and/or 15 N-labeled analogs. For uniform labeling, metabolic carbon sources, i.e., glucose, sodium pyruvate, and succinic acid, were all labeled with 13 C, and the amino acid components were replaced by 13 C-and 15 N-labeled algal amino acid mixture supplemented with 13 C-/ 15 N-labeled analogs of the following amino acids: L-leucine, L-histidine, Lglutamine, L-cysteine, and L-asparagine. The Fc fragment of mouse IgG2b was prepared through proteolytic digestion using papain (for spectral assignments) and V8 protease (for chemical shift perturbation experiments) as described previously [34] and subjected to NMR measurements. [30] with the observed spectral perturbations by addition of (a) human serum; (b) HAS; (c) human polyclonal IgG; and (d) the Fab fragment derived from human serum polyclonal IgG. The attenuation in intensity of the HSQC cross peaks is calculated as described in Figure 3 . The proline residues and the residues whose 1 H-15 N HSQC peaks could not be observed as probe because of broadening and/or overlapping are shown in gray. The N-glycans are shown as stick models. The molecular graphics were generated using PyMOL [31] .
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Metabolic isotope labeling of antibody was performed according to a previously reported protocol [19] . Briefly, we used monoclonal mouse anti-progesterone IgG2b, which was produced using the hybridoma cell line 7D7 [33] grown in a modified Nissui NYSF-404 medium containing the appropriate stable isotope-labeled metabolic precursors. For amino acid-selective labeling, selected amino acids were substituted with 13 C-and/or 15 N-labeled analogs. For uniform labeling, metabolic carbon sources, i.e., glucose, sodium pyruvate, and succinic acid, were all labeled with 13 C, and the amino acid components were replaced by 13 C-and 15 N-labeled algal amino acid mixture supplemented with 13 C-/ 15 N-labeled analogs of the following amino acids: L-leucine, L-histidine, L-glutamine, L-cysteine, and L-asparagine. The Fc fragment of mouse IgG2b was prepared through proteolytic digestion using papain (for spectral assignments) and V8 protease (for chemical shift perturbation experiments) as described previously [34] and subjected to NMR measurements.
Viscosity Measurements
The densities and viscosities of the samples were measured at 37 • C using a density meter DMA5000 (Anton Paar, Ashland, VA, USA) and a viscometer Lovis 2000ME (Anton Paar), respectively.
NMR Measurements and Spectral Analysis
For NMR measurements, the concentration of the 15 N-labeled Fc fragment was set to 6 mg/mL. The concentration of polyclonal IgG and HSA were set to 30 mg/mL and 40 mg/mL, respectively, in 5 mM sodium phosphate buffer containing 50 mM NaCl. The pH and temperature of the solutions was set to pH 7.4 and 37 • C. 1 H-15 N HSQC peaks originating from the backbone of Fc dissolved in 5 mM sodium phosphate buffer, pH 6.0, containing 50 mM NaCl (at 52 • C) were assigned based on conventional triple-resonance and three-dimensional transverse relaxation optimized spectroscopy datasets of HNCO, HNCACO, HNCA, and HNCOCA, in conjunction with the amino acid-selective subspectral observations. A series of NMR spectra were measured using DRX-400, DMX-500, AVANCE 800 and AVANCEIII 900, and 950 spectrometers (Bruker BioSpin, Rheinstetten, Germany). The acquired data were processed using NMRpipe [35] and MagRO [36, 37] . The assignments for the 1 H, 13 C, and 15 N backbone resonances of human IgG1-Fc have been deposited in the BioMagResBank database (http://www.bmrb.wisc.edu) under the accession number 27208.
